One contribution of 21 to a Theo Murphy meeting issue 'Cosmic-ray muography' . A new application of muon radiography (MR) is presented in the context of non-destructive testing of industrial equipment. The long-term operation of industrial facilities frequently involves the deterioration of critical components such as pipes and cauldrons due to corrosion and other processes. The precise determination of the inner state of this equipment is needed to ensure the integrity of the facility. MR can be used to infer the thickness of these components through the comparison and further classification of muon observables with respect to well-known templates. A simulation example is presented where the thickness of a pipe made of steel is studied using the Point of Closest Approach method and simple Kolmogorov-Smirnov statistical tests. A precision of about 2-4 mm is obtained using a simple detector with a spatial resolution of 4 mm and exposure times of about 2 h. This article is part of the Theo Murphy meeting issue 'Cosmic-ray muography'.
Introduction
In 1912, Victor Hess initiated a series of balloon-flights over the roofs of Vienna to measure the intensity of the radiation in the atmosphere at different heights. He found that radiation was more intense at greater altitudes and concluded that the Earth was being bombarded by a flux of particles. These particles are nowadays known as cosmic rays and they are known to be composed mainly of protons which often interact with the atoms of the atmosphere producing large cascades of particles. Most of these products are quickly absorbed by the atmosphere, although some others, such as the muons, are able to propagate to the surface of the Earth before decaying or being absorbed. Precise measurements of the flux of cosmic muons at different altitudes including the Earth's surface can be found in [1] .
Muons are subatomic particles sharing the properties of the electrons and about 200 times heavier than them. Since they are charged particles, they undergo electromagnetic interactions with the atoms of the material they cross in two interesting ways: losing energy through ionization of the material, or being deflected as a result of the multiple scattering with the material nuclei. Both processes have a strong dependency on the properties of the crossed medium such as the density, the atomic number or the number of radiation lengths, providing a powerful handle to identify its size, shape and composition. This fact enabled the possibility of measuring the attenuation or the bending of the muons when crossing an object to infer details about its geometry. This technique is nowadays known as muon radiography (MR). The first effort in developing this technology was made in the context of underground applications using attenuation [2] . Other applications have been published using also the muon deviation pattern [3] .
MR applications involve two different developments: the manufacturing of muon detectors and the algorithmic reconstruction of the target geometry. Muon detectors frequently use the ionization of the muons when crossing their active material to determine its position. Different materials are used for this purpose being the most common gas, scintillators and silicon cells. All of them require a readout electronic system that is able to extract and digitize the signal. Reconstruction algorithms strongly depend on the application and physical principle considered. For those applications using the muon deflection several algorithms are available on the market. One of the most popular, because of its simplicity and efficiency, is the Point of Closest Approach (POCA) [4] . This algorithm assumes that the interaction of the muon with the object takes place in a single spatial point, determined as the point of closest approach between the incoming and outgoing trajectories. There are other algorithms with a higher sophistication such as the maximum-likelihood method [5] , or others using autocorrelation methods [6] . This paper presents a new MR application focused on the preventive maintenance of industrial facilities. Important sectors of the economy such as the steel or the petroleum industries are affected by the corrosion of insulated equipment [7] [8] [9] [10] like pipes, cauldrons or blast furnaces. The maintenance of this equipment has a high cost in terms of energy and money, especially when the production of the factory has to be partially or totally stopped. Nowadays different technologies are used to address this problem, however all of them imply the removal of the insulation layer or the use of ionizing radiation, resulting in a large economic impact. This work proposes MR as a method to assess information about the integrity of insulated equipment without stopping the production process. The novelty of this study relies on the application of MR as a problem of classification in which muon observables are compared using well-known templates to find the best match. This procedure seems suitable for systems where the nominal geometry is known with high precision and only small variations with respect to this geometry are being targeted.
Geometry description and detector layout
This study applies MR to a cylindrical, steel-made pipe with an outer radius of 20 cm and an inner radius varying from 5 to 19 cm in steps of 2 cm, and from 17.4 to 18.8 cm in steps of 0.2 cm. The length of the pipe is 80 cm. The origin of coordinates is located at the geometrical centre of the cylinder. The x-axis is defined as parallel to the ground and coincident with the cylinder axis, while the z-axis is defined as parallel to the normal.
The muon detector layout contains four hybrid multiwire-multistrip chambers composed by two active planes separated by a distance of 5 mm. One plane is formed by 50 µm-width, goldtungsten wires every 4 mm, while the second is made of 4 mm copper strips oriented orthogonally to the wires. The combination of the two planes provides a simultaneous measurement of the x-and y-coordinates. The size of the active detection area is 96 × 96 cm 2 for each plane. Two chambers are located above the pipe at positions z = 45 cm and z = 28 cm and two chambers are 
Simulation and data samples
Simulated samples are produced using the Cosmic Ray Shower Library (CRY) [12] , which generates correlated cosmic-ray particle shower distributions at the sea level. The radiation volume for this simulation has been fixed to 1 × 1 × 1 m 3 cube in which the geometry set-up is fully embedded. Generated muons are interfaced to GEANT4 [13] to simulate the interaction of the muons with the detector and the geometry. The detector has been simulated assuming a perfect efficiency of 100% and a resolution of 4 mm to account for the granularity of the active elements (wires and strips). The hits in the individual upper and lower chambers are combined using a linear fit, providing a set of four coordinates each: the x-and y-positions and the two corresponding angular projections.
The generated samples are produced with an exposure time of 6900 s. A total of 16 categories of samples have been generated according to the pipe inner radius. Two equivalent samples have been produced for each category: one is used to produce the template sample, while the other is used as a test sample. The first eight categories consider a thickness in the range 5-15 cm where the amount of material is large and the technique is expected to work well. The other eight categories focus on a thickness range of 1.2-2.6 cm where the discrimination power should be reduced.
Results and discussion
The starting point of this procedure uses the three-dimensional distribution of scattering centres provided by the POCA algorithm. The wear of the pipe wall is assumed to be uniform in the longitudinal coordinate in such a way that the x-coordinate of the scattering centres is collapsed in a single plane. In order to remove contamination from random scattering centres in the air, only events with an angular deviation greater than 0.05 rad are selected. The resulting two-dimensional distributions can be seen in figure 2 for a few different-thickness pipes. A first look at the POCA results reveals that the number of events decreases with the thickness of the pipe. This effect is expected since events with a minimum angular deviation are being selected, favouring scenarios with a lower amount of dense material. The total yields can be used as a rough, first indication of a large difference in the material composition of two different samples, but hardly contains any information about the details of the geometry.
The outer shape of the pipe can be clearly recognized although the resolution is better in the region close to z = 0 where the acceptance of the detectors is optimal. The inner wall cannot be inferred so easily although a clear trend to accumulate scattering centres in the inner, hollowed part of the pipe is observed for increasing pipe thickness. Most of the scattering centres in this region are produced by muons that cross the pipe two times, invalidating the POCA assumption on the number of interactions, and making the reconstruction of the inner radius a difficult task.
A further assumption on the azimuthal symmetry of the wear suffered by the pipe is considered, allowing the projection of the two-dimensional histograms into one single coordinate: the radius of the POCA scattering centre. The resulting distributions can be seen in figure 3 . This projection confirms the fact that the outer pipe face is easy to identify, while the inner face is more difficult, providing a soft gradient towards zero instead of a steep fall at the radial position of the wall. Even if the reconstruction of the inner wall is not precise, the distributions are different enough to perform statistical tests to check the compatibility between two data samples. It should be noted that obtaining templates for well-known objects is feasible using simulations or by producing dedicated measurements in the laboratory. Once the templates are ready a simple Kolmogorov-Smirnov test can be performed to classify the target sample. It should be noted that more sophisticated classifiers based on machine learning techniques can be applied directly to the muon observables. This work is currently under investigation. Table 1 shows the score obtained in the KS test when each of the test samples is compared with every template sample. These numbers show how in most of the cases the best compatibility between a test and a template sample occurs when the thickness of the pipes are coincident. This is strictly true for variations of the order of 2 cm. The cases in which a variation of 0.2 cm was performed are not so clear and some confusion can be observed with the neighbouring templates. A good discrimination at the level of 0.2-0.4 cm can be claimed.
Conclusion
This simulation study shows, using a simple mathematical apparatus, how statistical compatibility between muon observables can be used to classify the amount of wear suffered by a steel-made pipe. A simple set-up composed of four hybrid multiwire-multistrip chambers have been considered with a spatial resolution of 4 mm. Pipes with a different thickness have been modelled and MR simulations of 6900 s each have been produced. The distribution of the radius of the POCA scattering centres have been studied and compared to template simulations with different thicknesses. The results show how this procedure is able to discriminate between templates differing by 0.2-0.4 cm. New studies will be carried out to understand what resolution can be obtained with this technique, reducing the symmetry assumptions and using more sophisticated algorithms based on machine learning classifiers.
